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Objective: To determine whether the structure of chondroitin sulfate (CS) in cartilage is reﬂected by the
degree of cartilage degeneration in patients with osteoarthritis (OA) of the knee and to determine how CS
biosynthesis affects cartilage degeneration.
Design: Two osteoarthritic cartilage samples were obtained from medial femoral condyle (MFC) and
lateral femoral condyle (LFC) of 24 knees with end-stage OA. The samples were assigned to two groups as
follows: lesion and remote cartilage were adjacent to and remote from the osteoarthritic cartilage,
respectively. Histological grade was determined according to the Mankin score. The CS concentration and
chain length were determined using high-performance liquid chromatography (HPLC) and gel ﬁltration
chromatography, respectively. Expression of the gene encoding CS glycosyltransferase was evaluated
using a real-time quantitative polymerase chain reaction (qPCR) assay. These results were compared
between lesion and remote cartilage.
Results: The Mankin score indicated that lesion cartilage was more degraded compared with remote
cartilage. Although the CS levels varied among individuals, the mean CS concentration and chain length
were signiﬁcantly lower and shorter in lesion cartilage than in remote cartilage, respectively (concen-
tration: 12.04 vs 14.84 mg/mg wet weight, P ¼ 0.021; chain length: 5.36 vs 6.19 kDa, P ¼ 0.026). Three
genes encoding CS glycosyltransferases (CHPF, CSGALNACT1, CSGALNACT2) were expressed at lower levels
in lesion cartilage.
Conclusions: In the osteoarthritic knee, the CS concentration and chain length were reduced closer to the
more degraded cartilage with decreasing CS glycosyltransferase gene expression. Inhibition of CS gly-
cosyltransferase gene expression may reduce CS chain length, which may contribute to OA progression.
 2013 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.Introduction
Osteoarthritis (OA) is themost common degenerative joint disease
and a leading cause of disability and joint pain1. OA is characterized by
progressivebreakdownof the articular cartilage,which is composedof
chondrocytes and a highly organized extracellular matrix (ECM).
Chondrocytesmaintainthenormal cartilageECMandsecrete catabolic
proteinases associated with OA progression2e4. The major structural
components of ECM are type-II collagen and proteoglycan aggregates,
including aggrecan, hyaluronan, and linkprotein. Aggrecan is themost
abundant proteoglycan aggregate with a large amount of chondroitinK. Matsumoto, Department of
ifu 501-1194, Japan. Tel: 81-
p (D. Ishimaru), nsugiura@
p (H. Akiyama), wannabee@
p (K. Matsumoto).
s Research Society International. Psulfate (CS) in cartilage5,6, and imparts gel-like properties to cartilage
such as lubrication, resistance to compression load, and water reten-
tion5e7. Approximately 100 CS chains are covalently linked to the core
protein of aggrecan, and the total molecular weight of aggrecan rea-
ches approximately 2200 kDa6,8,9. CS is a glycosaminoglycan (GAG)
that consists of repeating disaccharide residues, N-acetylgalactos-
amine (GalNAc) and glucuronic acid (GlcUA) with sulfate residues at
the 4- or 6-O-positions of GalNAc residues that are added in the Golgi
apparatus. CS synthesis starts after GalNAc residues attach to the
linkage site of a GlcUA-b1, 3-galactose (Gal)-b1, 3-Gal-b1, 4-Xylose
tetrasaccharide that is covalently coupled through serine residues of
the core protein, followed by polymerization that progresses via the
addition of GlcUA and GalNAc residues10. Glycosyltransferase-I has a
role of initiation of CS chain, and glycosyltransferase-II elongates it11.
Six glycosyltransferases have been identiﬁed to be involved in CS
biosynthesis in mammals as follows: chondroitin sulfate synthase 1
(CSS1/CHSY1)12, chondroitin polymerizing factor (CHPF)13, chon-
droitin sulfate synthase 3 (CSS3)14, chondroitin polymerizing factor 2ublished by Elsevier Ltd. All rights reserved.
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(CSGALNACT1)16, and chondroitin sulfate N-acetylgalactosaminyl-
transferase 2 (CSGALNACT2)17. These CS glycosyltransferases collabo-
ratively catalyze CS chain initiation and polymerization through their
glycosyltransferase-I and glycosyltransferase-II activities, respectively.
The CS sulfotransferases, including chondroitin-4-O-sulfotransferase
(C4ST) and chondroitin-6-O-sulfotransferase (C6ST) modify the CS
chains by sulfation18,19. Their biochemical characteristics have been
validated both in vitro and in vivo. Recent studies using knockoutmice
models have illuminated the roles of these proteins in vivo. For
example, Csgalnact1-null mice exhibit slight dwarﬁsm with shorter
and disorganized chondrocyte columns in the growth plate10, and
Css1/Chsy1-nullmice suffer fromchondrodysplasia andbrachypodism
with a patterning defect in distal phalanges20. Loss-of-function mu-
tations at the CSS1/CHSY1 locus have been recently identiﬁed in pa-
tients with syndromic recessive preaxial brachydactyly characterized
by shortening or absence of the middle phalanges21,22. These obser-
vations suggest that CS plays important roles in skeletogenesis and
chondrogenesis, and alterations of CS glycosyltransferase expression
or CS structuremay inﬂuence OA progression. Aggrecanmust contain
sufﬁcient amounts of CS to maintain cartilage function, and its prote-
olysis by a disintegrin and metalloproteinase with thrombospondin
motif-4 (ADAMTS)-4 and ADAMTS-5 or matrix metalloproteinases
(MMPs) is stronglyassociatedwithOAprogression23,24; however, little
is known about the effect on the disease of the structure of CS and its
biosynthesis in cartilage.
In the present study,we found that themeanCS concentration and
chain length were lower and shorter, respectively, in the more
degraded cartilage, and that the levels of expression of mRNAs




This studywas approved by theHuman Ethics Committee of Gifu
University. All patients provided informed consent. Human articular
cartilage samples were acquired from primary end-stage OAFig. 1. A) A representative femoral condyle involved in total knee arthroplasty. Two cartilag
samples are shown, which are stained with Safranin O-Fast Green (original magniﬁcation 40
remote cartilage (n ¼ 24). Values represent the mean and SD.patients and included 24 knees of 24 patients (one man and 23
women) who underwent total knee arthroplasty [mean
age standard deviation (SD): 72.8 8.4 years; range, 51e83 years].
None of the patients had undergone chemotherapy or suffered any
trauma to the knee. OA was diagnosed according to the knee OA
criteria of the American College of Rheumatology25, and all knees
were radiographically categorized into either moderate or severe
groups according to the Kellgren/Lawrence classiﬁcation system26.
Two full-thickness cartilage samples (cylindrical, 8 mm) were
harvested from matched areas of weight-bearing cartilage in the
medial femoral condyle (MFC) and lateral femoral condyle (LFC) for
each of the 24 knees, because the degradation of cartilage generally
initiates at the weight-bearing area in the femoral condyle. The
cartilage samples included the area from the surface of the articular
cartilage to the subchondral bone. Two cartilage samples were
divided into two groups as called lesion and remote cartilage: (1)
lesion cartilage was harvested from the area adjacent to the most
severely degraded cartilage (osteoarthritic area) in which the sub-
chondral bone was exposed, and (2) remote cartilage was a non-
arthritic area or early osteoarthritic area [Fig. 1(A)]. The remaining
full-depth cartilage was removed from the cylindrical sample and
dissected into three portions as follows: 50% for RNA extraction,
25% for histological analysis, and 25% for CS extraction.
Radiology
To assess the femuretibia angle (FTA) as an indicator of knee joint
deformity for patients with OA, coronal radiography was performed
according to the standing semi-ﬂexed protocol before surgery27. The
FTA is the lateral angle created by the intersection between a bisector
of the femoral shaft andabisectorof the tibial shaft,which serves as a
goodmarker for the extent of deformity of the knee. Two orthopedic
surgeonsevaluated theFTA fromthe radiographsofpatientswithOA.
Microscopy
Cartilage samples were ﬁxed in 10% buffered formalin (pH 7.4)
for 24 h and then decalciﬁed with 10% EDTA for 2 weeks. The
samples were then embedded in a parafﬁn block, cut into 5-mme samples were removed from MFC and LFC. At the bottom of this ﬁgure, two cartilage
). B, C) Mean Mankin score and CS concentration in cartilage obtained from lesion and
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dustries) and Fast Green (SigmaeAldrich). The degree of cartilage
degeneration based on the modiﬁed Mankin system was deter-
mined as described previously28.
RNA extraction, reverse transcription, and real-time quantitative
polymerase chain reaction (qPCR)
Immediately after removing the cartilage sample, total RNA was
extracted from the tissue using the RNeasy Lipid Tissue Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions, and
RNA concentrationswere quantiﬁed using a spectrophotometer. The
cDNA templates were synthesized from total RNA using a High Ca-
pacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster
City, CA, USA). The qPCR reactions were performed using SYBR Pre-
mixExTaq II (TaKaRa, Japan)withaThermalCyclerDiceRealTime
System 2 (TakaraBio). Each reaction contained 5 ng of cDNA. The
reactions were incubated in a 96-well optical plate at 95C for 30 s,
followed by 40 cycles of denaturation at 95C for 5 s and annealing
and ampliﬁcation at 56C for 30 s. The mRNA levels were calculated
according to the 2DDCT method using Thermal Cycler Dice Real
Time System 2 Software version 4.02, (TakaraBio). Levels of mRNAs
werenormalized to thatofGAPDH,which encodes glyceraldehyde-3-
phosphate dehydrogenase. The primer sequences used to amplify
CSS1/CHSY1, CHPF, CSS3, CHPF2, CSGALNACT1, CSGALNACT2, aggrecan
(ACAN), xylosyltransferase I (XYLT1), xylosylprotein beta 1,4-
galactosyltransferase, polypeptide 7 (B4GALT7), carbohydrate sulfo-
transferase 11/Chondroitin-4-sulfotransferase-1 (CHST11/C4ST1), car-
bohydrate sulfotransferase 3/Chondroitin-6-sulfotransferase-1 (CHST3/
C6ST1) are presented in Supplemental Table 1.
Extraction and puriﬁcation of CS
GAGs were isolated from cartilage samples (20 mg, wet weight).
Brieﬂy, the samples were treated with 0.2 M NaOH for 16 h at room
temperature, neutralized with 4 M acetate, treated with DNase and
RNase for 2 h at 37C, and digested with 1 mg/ml proteinase K
(Promega, Madison, WI, USA) in 50 mM TriseHCl, pH 8.0, for 2 h at
55C. After centrifugation for 10 min at 10,000 g, samples were
applied to a DEAE Sephacel (GE Healthcare) column equilibrated
with 50 mM TriseHCl, pH 7.5. After washing with 10 column vol-
umes of 50 mM TriseHCl, pH 7.5/0.2 M NaCl, the GAG-rich fractions
were elutedwith three column volumes of 50mMTriseHCl, pH 7.5/
2 M NaCl. The eluate was precipitated with three volumes of 95%
ethanol containing 1.3% potassium acetate. After centrifugation for
30 min at 10,000 g at 4C, the precipitate was resuspended in
11ml of 70% ethanol. After centrifugation at 10,000g for 10min at
4C, the precipitate was dissolved in 200 ml of distilled water.
Analysis of CS content
Ten microliters of the 100-fold diluted GAGs extracted from the
cartilage sample was added to 10 ml of 50 mM TriseHCl, pH 8.0/
0.1 mg/ml bovine serum albumin, 29 ml distilled water, and 10 mU
of chondroitinase ABC (Seikagaku Corporation, Tokyo, Japan), and
incubated for 1 h at 37C. After ﬁltering using Ultrafree-MC (5000
molecular weight limit), the composition and concentration of CS
were measured using high-performance liquid chromatography
(HPLC) as described previously10.
Analysis of CS chain length (molecular weight)
An aliquot of the extracted GAGs was labeled with sodium [3H]-
borohydride. Brieﬂy, 1 mg of CS extracted from the sample was
reacted with 8.4 pmol of sodium [3H]-borohydride (12 nCi/pmol)(PerkinElmer Life Sciences) for 3 h at room temperature, treated
with 1 ml of 2M acetate, and neutralizedwith 1 ml of 2MNaOH. Free
sodium [3H]-borohydride was removed by precipitation using
three volumes of 95% ethanol containing 1.3% potassium acetate,
and the labeled sample was applied to a Superose 12 column (GE
Healthcare) equilibrated with 0.2 M ammonium acetate, and the
radioactivity in each fraction was measured as described previ-
ously29. To identify the CS peak in the [3H]-elution proﬁle, 10 mU
chondroitinase ABC (Seikagaku Corporation, Tokyo, Japan) was
added to the same amount of extracted GAGs after being treated as
described above. After incubation for 1 h at 37C and boiling for
1 min, the sample was applied to a Superose 12 column. We
measured the radioactivity of CS by treating the extracted GAG
solutionwith chondroitinase ABC [Supplemental Fig. 1(A)]. The size
of a single representative radioactive GAG peak was reduced by
chondroitinase ABC treatment, verifying that the peak represented
CS. The radioactivity of the GAG solution treated with chon-
droitinase ABC eluted as two peaks (27 and 31 min). The smaller
peak at 27 min represented a short oligosaccharide that was not
digested chondroitinase ABC, whereas the CS cleavage products
generated the peak at 31 min.Calculation of the mean CS chain length (molecular weight)
CS radioactivity was determined after chondroitinase ABC
treatment of the extracted GAG solution. The mean molecular
weight of CS present in cartilage was calculated from the radioac-
tivity of the CS peak and its molecular weight that was determined
according to a calibration curve of CS standards described previ-
ously [Supplemental Fig. 1(B)]30. In order to generate a calibration
curve for CS chain sizes of standards and elution time, low mo-
lecular weight CS standards were produced from the CS of shark
cartilage by a brief acid treatment with (0.4 M HCl, 60C) followed
by gel ﬁltration chromatography, and the average molecular
weights of CS standards were determined using a laser light scat-
tering photometer31.Statistical analysis
Statistical analyses were performed using GraphPad Prism 5.0
software (GraphPad Software, Inc., San Diego, CA). D’Agostinoe
Pearson omnibus normality tests were performed to test for normal
distribution of the data. The data of Mankin score, CS concentration
and CS chain length of lesion and remote cartilage passed the
normality tests, and these differences between lesion and remote
cartilage were determined by using two-tailed paired t-test. Ac-
cording to D’AgostinoePearson omnibus normality tests, the most
data of relative gene expressions (CHPF, CSS3, CHPF2, CSGALNACT1,
CSGALNACT2, ACAN, XYLT1, B4GALT7, C4ST1, C6ST1) were not satis-
ﬁed the assumption of normality, therefore the data of relative gene
expressions differences between both cartilages were determined
by using Wilcoxon matched pairs signed rank sum test. The para-
metric data are presented in the text as mean  SD, and the non-
normal distribution data as median with interquartile range. A P
value <0.05 was considered signiﬁcant.
As the age and FTA showed the normal distribution, Pearson’s
correlation coefﬁcient analysis followed by linear regression anal-
ysis was performed to assess the correlations between age and CS
chain length, CS concentration in each lesion and remote cartilage,
and the correlations between FTA and CS chain length, CS con-
centration in each MFC and LFC.
To generate a standard curve for determining the molecular
weight of CS relative to the elution positions of the CS standards
from the gel chromatography column, simple linear regression
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standards to the logarithmic scale.
Results
Characteristics of the lesion and remote OA cartilage
First, we determined the degree of articular cartilage degrada-
tion according to the modiﬁed Mankin score [Fig. 1(B)]. The mean
Mankin score was signiﬁcantly higher in lesion cartilage compared
with remote cartilage (6.92  3.22 and 4.42  2.36, respectively;
P ¼ 0.0013). The CS concentration in OA cartilage is expressed
relative to the wet weight of cartilage. The mean CS concentration
was signiﬁcantly lower in lesion cartilage (lesion and remote
cartilage, 12.04  5.20 and 14.84  4.86 mg/mg wet weight,
respectively; P¼ 0.021; [Fig.1(C)]). These observations indicate that
the lesion cartilage was more severely degraded.
CS chain length in the lesion and remote cartilages
Next, we determined CS chain length. Fig. 2(A) shows represen-
tative elution proﬁles of CS preparations from lesion and remote
cartilage of the same OA patient, indicating that the mean CS chain
length was shorter in lesion cartilage. The CS chain lengths of all 24
samples shown in Fig. 2(B) varied among individuals. The samples
could be divided into three groups according to CS chain length as
follows: lesion < remote, lesion ¼ remote, and lesion > remote. In
50.0% of all cases (n¼ 12/24), the mean CS chain length was shorterFig. 2. A) Representative elution proﬁles of [3H]-labeled CS preparations from cartilages of th
the CS solution of lesion cartilage shows a peak on 25 min and also a slight shoulder on 2
shoulder on 27 min may represent a short oligosaccharide in human cartilage. B) This bar g
lesion and remote cartilage of each knee. C) The graph shows the mean CS chain length foin the lesion cartilage, whereas it was longer in lesion cartilage in
16.7% of all cases (n ¼ 4/24), and the mean CS chain length was
signiﬁcantly shorter in lesion cartilage (lesion cartilage: 5.36 1.46,
remote cartilage: 6.19  1.84 kDa; P ¼ 0.026; [Fig. 2(C)]).
Gene expression in the lesion and remote cartilage
We reasoned that the expression of mRNAs encoding CS glyco-
syltransferases might be associated with differences in CS concen-
tration and CS chain length between the two types of cartilage.
Therefore, we determined the expression levels of mRNAs encoding
CS glycosyltransferases and others related to CS biosynthesis (ACAN,
XYLT1, B4GALT7, C4ST1, C6ST1) in lesion and remote cartilage using
qPCR [Figs. 3 and 4]. All six CS glycosyltransferase genes were
expressed at lower levels in lesion cartilage, and particularly CHPF,
CSGALNACT1, and CSGALNACT2were signiﬁcantly down regulated in
lesion cartilage [Fig. 3]. The expression level ofCSGALNACT1 in lesion
cartilage was the most strongly down regulated of the three CS
glycosyltransferase genes, which was by a factor of 0.48 compared
with remote cartilage [lesion cartilage: 0.057 (0.032e0.088), remote
cartilage: 0.12 (0.066e0.22), P ¼ 0.0003]. With regard to the other
gene expressions related to CS biosynthesis, the expression of ACAN
was signiﬁcantly down regulated in lesion cartilage although the
gene expressions of XYLT1, B4GALT7, C4ST1, and C6ST1 showed no
signiﬁcant differences between lesion and remote cartilage [Fig. 4].
These results indicate that CS glycosyltransferase gene correlated
with the degree of cartilage degeneration and might affect the CS
concentration and chain length.e 24 OA knees. Lesion cartilage (B) and remote cartilage (-). The [3H] radioactivity for
7 min. The [3H] radiolabelled CS forms a representative peak on 25 min, and a slight
raph indicates CS chain length for all 24 knees, which includes the CS chain length for
r lesion and remote cartilage.
Fig. 3. Expression mRNAs encoding CS glycosyltransferases in lesion and remote cartilage (n ¼ 24). The data are normalized to GAPDH expression, which are presented by whisker-
box plots. Top and bottom whiskers represent the maximum and minimum observations, respectively. Each Ct value of GAPDH for CS glycosyltransferases is shown as follows in
lesion and remote cartilage, respectively: CSS1 25.07  2.49 and 25.38  1.85, CHPF 25.18  2.71 and 25.52  1.95, CSS3 25.16  2.69 and 25.58  2.03, CHPF2 25.09  2.67 and
25.60  2.08, CSGALNACT1 25.18  2.62 and 25.58  2.03, CSGALNACT2 25.06  2.54 and 25.43  1.88.
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Alterations in the distribution patterns of CS in cartilage may
be important, because the levels of chondroitin-4-sulfate (C4S)
and chondroitin-6-sulfate (C6S) in joint ﬂuids are used as
markers of cartilage metabolism, and the C6S level in synovial
ﬂuid may be a valuable indicator of cartilage destruction32.
Therefore, we determined the CS compositions of lesion and
remote cartilage using HPLC (Table I). The proportion of C6S was
dominant (approximately 72%) compared with the levels of C4S
and chondroitin-0-sulfate (C0S) in both cartilages. In lesionFig. 4. Expression of genes related to CS metabolism (ACAN, XYLT1, B4GALT7, C4ST1, C6ST1)
which are presented by whisker-box plots. Top and bottom whiskers represent the maxim
transferases is shown as follows in lesion and remote cartilage, respectively: ACAN 25.18 
25.87  2.14, C4ST1 25.26  2.94 and 25.87  2.14, C6ST1 25.26  2.94 and 25.87  2.14.cartilage, the total amounts of C0S and C4S were signiﬁcantly
lower.
Correlation between the structure of CS and age
Plaas et al.33 found that the average CS chain size in normal
cartilage decreased after skeletal maturity. Therefore, we deter-
mined whether the concentration and chain length of CS correlated
with the age of the patients studied here [Fig. 5(A) and (B)]. In each
lesion and remote cartilage, the age had a signiﬁcant inverse cor-
relation with CS chain length (lesion cartilage: r ¼ 0.47, P ¼ 0.020,in lesion and remote cartilage (n ¼ 24). The data are normalized to GAPDH expression,
um and minimum observations, respectively. Each Ct value of GAPDH for CS glycosyl-
2.68 and 25.51  2.05, XYLT1 25.26  2.94 and 25.87  2.14, B4GALT7 25.26  2.94 and
Table I






C0S (mg/wet weight: mean  SD) 1.38  0.88 1.72  0.72 0.021
C4S (mg/wet weight: mean  SD) 1.93  0.94 2.46  0.77 0.023
C6S (mg/wet weight: mean  SD) 8.59  4.12 10.5  4.12 0.053
C6S/C4S ratio (mean  SD) 4.92  1.97 4.32  1.50 0.27
Bold numbers indicate statistically signiﬁcant differences between lesion and
remote cartilage.
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with CS concentration. The CS chain length was shorter in lesion
cartilage [Fig. 2(C)], indicating that shorter CS chains were present
in degraded cartilage. Therefore, these ﬁndings suggest that the CS
chain length becomes shorter with the degradation of cartilage and
with the age.Variation in CS concentration and chain length with the degree of
knee deformity
We assessed whether CS concentration and chain length
correlated with the FTA, which represents the deformity of the
knee at each MFC and LFC. At MFC, the FTA had a signiﬁcant inverse
correlation with CS chain length (r ¼ 0.47, P ¼ 0.022; [Fig. 6(A)]).
Whereas, at LFC, the FTA had no signiﬁcant correlations with CS
levels [Fig. 6(B)].Discussion
We show here that cartilage degradation was more severe in
lesion cartilage and that CS concentration and chain length were
lower and smaller in lesion cartilage. Further, the levels of mRNAs
encoding CS glycosyltransferases were lower in lesion cartilage.
Aggrecan with abundant CS is structurally heterogeneous dur-
ing OA progression or aging. Its keratin sulfate and CS composition
increases and decreases, respectively34, and the core protein of
aggrecan is cleaved by ADAMTS-4, -5, MMPs24,35, and m-calpain36.
However, there are few studies on the variation of the CS structureFig. 5. A) Correlations between age and the CS concentration, CS chain length in lesion cartil
B) Correlations between age and the CS concentration, CS chain length in remote cartilageand CS biosynthesis in OA cartilage, although CS chain length in
normal cartilage decreases with age6,33. We show here that the CS
chain length and concentration were approximately 13.4% shorter
and 18.9% less, respectively, in the more degraded cartilage.
Concerning the reduction of CS concentration and chain length
in the more degraded cartilage, we attribute the reduction of CS
concentration to cleavage of the aggrecan core protein by ADAMTS-
4, -5, and MMPs23,24. Although we did not determine the mecha-
nism responsible for altering CS chain length in OA cartilage, we
suggest that it involves an imbalance in CS metabolism in cartilage,
namely either enhancing the catabolic capacities of chondrocytes
toward CS chain or decreasing the anabolic capacities of chon-
drocytes toward it in OA cartilage. Regarding anabolic capacity, we
found here that expression levels of CS glycosyltransferase mRNAs
(CHPF, CSGALNACT1, and CSGALNACT2) were signiﬁcantly down
regulated in lesion cartilage, although we did not determine the
enzymatic activities of CS glycosyltransferases in cartilage. Their
biochemical roles of these CS glycosyltransferases have been
established by in vitro studies. CSS1 exhibits the highest
glycosyltransferase-II activity, followed by CHPF, CSS3, and CHPF2,
and formation of heteromers between any two of these enzymes is
required to polymerize CS12,13,15. The heterodimer of CSS1 and CHPF
exhibits the highest glycosyltransferase-II activity15,37, and CSGAL-
NACT1 and CSGALNACT2 are mainly responsible for initiating CS
synthesis17,38e40. Taken together, the reductions of CHPF mRNA
levels in lesion cartilagemay reﬂect the decrease in CS chain length,
and the reduction of CSGALNACT1 and CSGALNACT2 expression may
contribute to the decrease in CS chain length in lesion cartilage by
inhibiting new CS biosynthesis. Regarding catabolism, CS catabolic
enzymes in cartilage have not been identiﬁed, although hyaluron-
idase 4 is a candidate; however, its expression is limited to placenta,
skeletal muscle, and testis41.
With regard to changes in the structure and biosynthesis of CS in
OA cartilage, CSGALNACT1 is a critical enzyme for CS biosynthesis
in cartilage42, and Csgalnact1-null mice that express CS at 50% level
of the wild-type level in cartilage exhibit slight dwarﬁsm and
changes to the ECM in cartilage such as decreased levels and rapid
catabolism of aggrecan, and abnormally aggregated type-II collagen
ﬁbers, which resemble the properties of cartilage in OA10. More-
over, Css1/Chsy1-null mice display chondrodysplasia andage. Each Scattergram includes the data of 24 cartilages harvested from lesion cartilage.
. Each Scattergram includes the data of 24 cartilages harvested from remote cartilage.
Fig. 6. A) Correlations between FTA and the CS concentration, CS chain length in OA cartilage obtained fromMFC. Each Scattergram includes the data of 24 cartilages harvested from
MFC. B) Correlations between FTA and the CS concentration, CS chain length in OA cartilage from LFC. Each Scattergram includes the data of 24 cartilages harvested from LFC.
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null mice that express CS at 80% of the wild-type level in cartilage
display no skeletal phenotypes, including articular degradations in
the knee joint, although the amount of CS and its chain length
decrease in cartilage43. This may account for the differences in the
abilities between Css1/Chsy1-null mice and Chpf-null mice to syn-
thesize CS. Analysis of Css1/Chsy1 and Chpf double-knockout mice
may provide further insights into CS metabolism. Taken together,
these mouse studies and our present results indicate that the
ablation or deletion of CS glycosyltransferases leads to a reduction
of CS level and may be associated with OA progression.
Concerning the alteration of CS composition in the degraded
cartilage, in this study, the concentration of C0S and C4S was lower
in lesion cartilage, although the level of C4ST1 mRNA expression
had no differences between two cartilages. Recent in vitro studies
show that 4-0-sulfation of CS requires CS polymerization44, and
C4ST1 null mice with a 90% reduction of C4S compared with wild-
type exhibit severe chondrodysplasia and a disorganized cartilage
growth plate45. These observations support the conclusion that
reduced CS levels inﬂuence OA progression.
With regard to the relationship between biosynthesis of linkage
site of CS and OA progression, it has been reported that XYLT1
regulates GAG biosynthesis during OA progression, and XYLT1
expression is down regulated in late-stage OA46. However, in this
study, the expression of XYLT1 showed no differences between two
cartilages.
Mechanical stress on cartilage is an important factor that in-
ﬂuences CS biosynthesis. Exercise and injury induces structural
changes in CS in cartilage and synovial ﬂuid, and CS chain length in
synovial ﬂuid increases after exercise and osteochondral injury47,48.
In the present study, we evaluated the relationship between knee
deformity and CS structure. FTA is generally an indicator of the
degree for knee deformity, and GAG concentration decreases with
increasing FTA at MFC in human OA cartilage49. We found here that
the CS chain length exhibited an inverse correlationwith the FTA at
MFC, and the CS concentration showed a similar trend. Because an
increase of the FTA represents a worsening of the knee varus in
which weight-bearing shifts to MFC, our results suggest that this
negatively effects on CS biosynthesis.Our study has some limitations. First, although macroscopically
normal or early OA cartilage as remote cartilage was obtained from
patients who underwent knee surgery, complete intact cartilage
could not be collected. Therefore, data regarding CS structure and
gene expression in intact cartilage are lacking. However, based on
comparisons of macroscopically normal or early OA cartilage with
the degraded cartilage, we did ﬁnd some differences regarding CS
structure in OA cartilage. Second, although the expression of
mRNAs encoding CS glycosyltransferases was determined using
qPCR, the actual enzymatic activity of CS glycosyltransferases in OA
cartilage could not be estimated by our protocol.
In summary, the CS in aggrecan exhibited varied structural
changes according to its location in OA cartilage. Thus, the mean CS
concentration (speciﬁcally of C0S and C4S) and CS chain length
decreased in the more degraded cartilage. These structural alter-
ations to CS might be affected by down regulation of CS glycosyl-
transferase gene expression in the OA cartilage. In the future,
manipulating CS glycosyltransferase gene expression in cartilage
might aid in the maintenance of CS chain length and utilized as a
treatment option for OA.
Author contributions
DI acquired data, performed most of the data analysis, and
helped draft the manuscript. HA, HW, and NS helped interpret the
data and drafting the manuscript. KM was involved in the
conception and design of the study, the analysis and interpretation
of the data, and in drafting the manuscript. All authors read and
approved the ﬁnal manuscript.
Role of the funding source
This study had no sponsors that were involved in the study design,
analysis, interpreting the data, writing the manuscript or deciding
to submit the manuscript for publication.
Competing interest statement
There is no conﬂict of interest to declare, and all the authors certify
that they have no commercial associations that might pose a con-
ﬂict of interest in connection with the study.
D. Ishimaru et al. / Osteoarthritis and Cartilage 22 (2014) 250e258 257Acknowledgments
We thank Dr I. Takigami and Dr A. Hara for technical help and
useful comments, and also thank Dr K. Kimata for critical comments
and valuable discussions. We are grateful to Dr C. Nagata for
designing statistical methods of this study.
This study was supported by a Grant-in-Aid for Scientiﬁc
Research (KAKENHI #24592258 to KM).
Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.joca.2013.11.010.
References
1. Hootman JM, Helmick CG. Projections of US prevalence of
arthritis and associated activity limitations. Arthritis Rheum
2006;54:226e9.
2. Pelletier JP, Martel-Pelletier J, Abramson SB. Osteoarthritis, an
inﬂammatory disease: potential implication for the selection
of new therapeutic targets. Arthritis Rheum 2001;44:1237e47.
3. Goldring MB, Otero M, Plumb DA, Dragomir C, Favero M, El
Hachem K, et al. Roles of inﬂammatory and anabolic cytokines
in cartilage metabolism: signals and multiple effectors
converge upon MMP-13 regulation in osteoarthritis. Eur Cells
Mater 2011;21:202e20.
4. van der Kraan PM, van den Berg WB. Chondrocyte hyper-
trophy and osteoarthritis: role in initiation and progression
of cartilage degeneration? Osteoarthritis Cartilage 2012;20:
223e32.
5. Matsumoto K, Shionyu M, Go M, Shimizu K, Shinomura T,
Kimata K, et al. Distinct interaction of versican/PG-M with
hyaluronan and link protein. J Biol Chem 2003;278:41205e12.
6. Watanabe H, Yamada Y, Kimata K. Roles of aggrecan, a large
chondroitin sulfate proteoglycan, in cartilage structure and
function. J Biochem 1998;124:687e93.
7. Watanabe H, Cheung SC, Itano N, Kimata K, Yamada Y. Iden-
tiﬁcation of hyaluronan-binding domains of aggrecan. J Biol
Chem 1997;272:28057e65.
8. Kiani C, Chen L, Wu YJ, Yee AJ, Yang BB. Structure and function
of aggrecan. Cell Res 2002;12:19e32.
9. Roughley P, Martens D, Rantakokko J, Alini M, Mwale F,
Antoniou J. The involvement of aggrecan polymorphism in
degeneration of human intervertebral disc and articular
cartilage. Eur Cells Mater 2006;11:1e7. discussion 7.
10. Sato T, Kudo T, Ikehara Y, Ogawa H, Hirano T, Kiyohara K, et al.
Chondroitin sulfate N-acetylgalactosaminyltransferase 1 is
necessary for normal endochondral ossiﬁcation and aggrecan
metabolism. J Biol Chem 2011;286:5803e12.
11. Sugahara K, Kitagawa H. Recent advances in the study of the
biosynthesis and functions of sulfated glycosaminoglycans.
Curr Opin Struct Biol 2000;10:518e27.
12. Kitagawa H, Uyama T, Sugahara K. Molecular cloning and
expression of a human chondroitin synthase. J Biol Chem
2001;276:38721e6.
13. Kitagawa H, Izumikawa T, Uyama T, Sugahara K. Molecular
cloning of a chondroitin polymerizing factor that cooperates
with chondroitin synthase for chondroitin polymerization.
J Biol Chem 2003;278:23666e71.
14. Yada T, Sato T, Kaseyama H, Gotoh M, Iwasaki H, Kikuchi N,
et al. Chondroitin sulfate synthase-3. Molecular cloning and
characterization. J Biol Chem 2003;278:39711e25.
15. Izumikawa T, Koike T, Shiozawa S, Sugahara K, Tamura J,
Kitagawa H. Identiﬁcation of chondroitin sulfateglucuronyltransferase as chondroitin synthase-3 involved in
chondroitin polymerization: chondroitin polymerization is
achieved by multiple enzyme complexes consisting of chon-
droitin synthase family members. J Biol Chem 2008;283:
11396e406.
16. Sato T, Gotoh M, Kiyohara K, Akashima T, Iwasaki H,
Kameyama A, et al. Differential roles of two N-acetylgalacto-
saminyltransferases, CSGalNAcT-1, and a novel enzyme,
CSGalNAcT-2. Initiation and elongation in synthesis of chon-
droitin sulfate. J Biol Chem 2003;278:3063e71.
17. Uyama T, Kitagawa H, Tanaka J, Tamura J, Ogawa T,
Sugahara K. Molecular cloning and expression of a second
chondroitin N-acetylgalactosaminyltransferase involved in the
initiation and elongation of chondroitin/dermatan sulfate.
J Biol Chem 2003;278:3072e8.
18. Yamauchi S. Molecular cloning and expression of chondroitin
4-sulfotransferase. J Biol Chem 2000;275:8975e81.
19. Fukuta M, Kobayashi Y, Uchimura K, Kimata K, Habuchi O.
Molecular cloning and expression of human chondroitin 6-
sulfotransferase. Biochim Biophys Acta 1998;1399:57e61.
20. Wilson DG, Phamluong K, Lin WY, Barck K, Carano RA, Diehl L,
et al. Chondroitin sulfate synthase 1 (Chsy1) is required for
bone development and digit patterning. Dev Biol 2012;363:
413e25.
21. Li Y, Laue K, Temtamy S, Aglan M, Kotan LD, Yigit G, et al.
Temtamy preaxial brachydactyly syndrome is caused by
loss-of-function mutations in chondroitin synthase 1, a
potential target of BMP signaling. Am J Hum Genet
2010;87:757e67.
22. Tian J, Ling L, Shboul M, Lee H, O’Connor B, Merriman B, et al.
Loss of CHSY1, a secreted FRINGE enzyme, causes syndromic
brachydactyly in humans via increased NOTCH signaling. Am J
Hum Genet 2010;87:768e78.
23. Song RH, Tortorella MD, Malfait AM, Alston JT, Yang Z,
Arner EC, et al. Aggrecan degradation in human articular
cartilage explants is mediated by both ADAMTS-4 and
ADAMTS-5. Arthritis Rheum 2007;56:575e85.
24. Lark MW, Bayne EK, Flanagan J, Harper CF, Hoerrner LA,
Hutchinson NI, et al. Aggrecan degradation in human cartilage.
Evidence for both matrix metalloproteinase and aggrecanase
activity in normal, osteoarthritic, and rheumatoid joints. J Clin
Invest 1997;100:93e106.
25. Altman R, Asch E, Bloch D, Bole G, Borenstein D, Brandt K,
et al. Development of criteria for the classiﬁcation and
reporting of osteoarthritis. Classiﬁcation of osteoarthritis of
the knee. Diagnostic and Therapeutic Criteria Committee of
the American Rheumatism Association. Arthritis Rheum
1986;29:1039e49.
26. Kellgren JH, Lawrence JS. Radiological assessment of osteo-
arthrosis. Ann Rheum Dis 1957;16:494e502.
27. Issa SN, Dunlop D, Chang A, Song J, Prasad PV, Guermazi A,
et al. Full-limb and knee radiography assessments of varus-
valgus alignment and their relationship to osteoarthritis dis-
ease features by magnetic resonance imaging. Arthritis Rheum
2007;57:398e406.
28. Pearson RG, Kurien T, Shu KS, Scammell BE. Histopathology
grading systems for characterisation of human knee osteoar-
thritis e reproducibility, variability, reliability, correlation, and
validity. Osteoarthritis Cartilage 2011;19:324e31.
29. Ogawa H, Shionyu M, Sugiura N, Hatano S, Nagai N, Kubota Y,
et al. Chondroitin sulfate synthase-2/chondroitin polymerizing
factor has two variants with distinct function. J Biol Chem
2010;285:34155e67.
30. Sugiura N, Shimokata S, Watanabe H, Kimata K. MS analysis of
chondroitin polymerization: effects of Mn2þ ions on the
D. Ishimaru et al. / Osteoarthritis and Cartilage 22 (2014) 250e258258stability of UDP-sugars and chondroitin synthesis. Anal Bio-
chem 2007;365:62e73.
31. Sugiura N, Sakurai K, Hori Y, Karasawa K, Suzuki S, Kimata K.
Preparation of lipid-derivatized glycosaminoglycans to probe a
regulatory function of the carbohydrate moieties of pro-
teoglycans in cell-matrix interaction. J Biol Chem 1993;268:
15779e87.
32. Shinmei M, Miyauchi S, Machida A, Miyazaki K. Quantitation of
chondroitin 4-sulfate and chondroitin 6-sulfate in pathologic
joint ﬂuid. Arthritis Rheum 1992;35:1304e8.
33. Plaas AH, Wong-Palms S, Roughley PJ, Midura RJ, Hascall VC.
Chemical and immunological assay of the nonreducing ter-
minal residues of chondroitin sulfate from human aggrecan.
J Biol Chem 1997;272:20603e10.
34. Brown GM, Huckerby TN, Bayliss MT, Nieduszynski IA. Human
aggrecan keratan sulfate undergoes structural changes during
adolescent development. J Biol Chem 1998;273:26408e14.
35. Struglics A, Hansson M. MMP proteolysis of the human
extracellular matrix protein aggrecan is mainly a process of
normal turnover. Biochem J 2012;446:213e23.
36. Maehara H, Suzuki K, Sasaki T, Oshita H, Wada E, Inoue T, et al.
G1-G2 aggrecan product that can be generated by M-calpain
on truncation at Ala709-Ala710 is present abundantly in hu-
man articular cartilage. J Biochem 2007;141:469e77.
37. Izumikawa T, Uyama T, Okuura Y, Sugahara K, Kitagawa H.
Involvement of chondroitin sulfate synthase-3 (chondroitin
synthase-2) in chondroitin polymerization through its inter-
action with chondroitin synthase-1 or chondroitin-
polymerizing factor. Biochem J 2007;403:545e52.
38. Uyama T, Kitagawa H, Tamura Ji J, Sugahara K. Molecular
cloning and expression of human chondroitin N-acetylga-
lactosaminyltransferase: the key enzyme for chain initiation
and elongation of chondroitin/dermatan sulfate on the protein
linkage region tetrasaccharide shared by heparin/heparan
sulfate. J Biol Chem 2002;277:8841e6.
39. Gotoh M, Sato T, Akashima T, Iwasaki H, Kameyama A,
Mochizuki H, et al. Enzymatic synthesis of chondroitin with a
novel chondroitin sulfate N-acetylgalactosaminyltransferase
that transfers N-acetylgalactosamine to glucuronic acid in
initiation and elongation of chondroitin sulfate synthesis. J Biol
Chem 2002;277:38189e96.
40. Sato T, Gotoh M, Kiyohara K, Kameyama A, Kubota T,
Kikuchi N, et al. Molecular cloning and characterization of a
novel human beta 1,4-N-acetylgalactosaminyltransferase, beta4GalNAc-T3, responsible for the synthesis of N,N0-diac-
etyllactosediamine, galNAc beta 1-4GlcNAc. J Biol Chem
2003;278:47534e44.
41. Kaneiwa T, Miyazaki A, Kogawa R, Mizumoto S, Sugahara K,
Yamada S. Identiﬁcation of amino acid residues required for
the substrate speciﬁcity of human and mouse chondroitin
sulfate hydrolase (conventional hyaluronidase-4). J Biol Chem
2012.
42. Sakai K, Kimata K, Sato T, Gotoh M, Narimatsu H, Shinomiya K,
et al. Chondroitin sulfate N-acetylgalactosaminyltransferase-1
plays a critical role in chondroitin sulfate synthesis in cartilage.
J Biol Chem 2007;282:4152e61.
43. Ogawa H, Hatano S, Sugiura N, Nagai N, Sato T, Shimizu K, et al.
Chondroitin sulfate synthase-2 is necessary for chain exten-
sion of chondroitin sulfate but not critical for skeletal devel-
opment. PLoS One 2012;7:e43806.
44. Izumikawa T, Okuura Y, Koike T, Sakoda N, Kitagawa H.
Chondroitin 4-O-sulfotransferase-1 regulates the chain
length of chondroitin sulfate in co-operation with chon-
droitin N-acetylgalactosaminyltransferase-2. Biochem J
2011;434:321e31.
45. Kluppel M, Wight TN, Chan C, Hinek A, Wrana JL. Maintenance
of chondroitin sulfation balance by chondroitin-4-
sulfotransferase 1 is required for chondrocyte development
and growth factor signaling during cartilage morphogenesis.
Development 2005;132:3989e4003.
46. Venkatesan N, Barre L, Bourhim M, Magdalou J, Mainard D,
Netter P, et al. Xylosyltransferase-I regulates glycosamino-
glycan synthesis during the pathogenic process of human
osteoarthritis. PLoS One 2012;7:e34020.
47. Brown MP, West LA, Merritt KA, Plaas AH. Changes in sulfation
patterns of chondroitin sulfate in equine articular cartilage and
synovial ﬂuid in response to aging and osteoarthritis. Am J Vet
Res 1998;59:786e91.
48. Brown MP, Trumble TN, Plaas AH, Sandy JD, Romano M,
Hernandez J, et al. Exercise and injury increase chondroitin
sulfate chain length and decrease hyaluronan chain length in
synovial ﬂuid. Osteoarthritis Cartilage 2007;15:1318e25.
49. Otsuki S, Nakajima M, Lotz M, Kinoshita M. Hyaluronic acid
and chondroitin sulfate content of osteoarthritic human knee
cartilage: site-speciﬁc correlation with weight-bearing force
based on femorotibial angle measurement. J Orthop Res
2008;26:1194e8.
